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THERMAL EXCHANGSS OF AN AT HIGH TEMPERATURES 


1. PROJECT: No. 2-17 - Report on Thermal Exchanges of Man by Evap- 
oration, Convection, and Radiation as Functions of Temperature, Water Vapor 
Pressure, and Wind Velocity. 


a Authority: Letter Commanding General, Headquarters Armored Force, 
Fort Knox, Kentucky, File 400.112/6 GNOHD, dated 21 Séptember 1942. 


b. Purpose: To provide quantitative information on the influence 
of environmental factors on the thermal stress to man. 


2. DISCUSSION: 


One of the limitations on the usefulness of studies of the physio- 
logical responses of man to high temperatures is the difficulty of predict- 
ing behavior under one set of environmental conditions from information ob- : 
tained under another set of conditions. A rational approach to this problem 
is to, first, provide for a means of evaluating total thermal stress to tle man 
from known conditions of exposure; air and wall temperature, moisture content 
of air, wind velocity, metabolic rate of the man, etc. With this step accomp- 
lished one may proceed to correlation of the physiological response of man to 
the total thermal stress. The present resort is concerned with the first aspect 
of this approach. 


To this end, rates of heat exchange by evaporation, convection and 
radiation have been estimated at 5 wind velocities in each of 7 different en- 
vironments. These measurenents were made on nude men, on clothed men standing, 
and on clothed men walking. . The results are discussed in detail in the A;pendix. 


3. CONCLUSIONS: 


a. Coefficients of thermal exchange for nude and clothed men, stand- 
ing and walking, have been estimated by partial calorimetry in a series of 7 
environments and at 5 wind velocities. 


b. In nude subjects Oe coefficient of evaporation can be 
described by the equation E/AF e 1.4 


c. Sweating rates adequate to measure the maximum coefficients of 
surface evaporation in clothed men probably were not reached. Charts present- 
ing the coefficients actually found are shown. 
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d. Coefficients of convection on nude men can be described by the 
equation C/T = 0.5 


ée. stimates of the Rhy ple coefficient with clothed subjects 
gave values 23% and 24% higher than the coefficient fourd with nude subjects. 
This is consonant with estimates of the ratio of the ountese area of clothed 
to nude men. 


f. The coefficient or radiation for nude stout was 5.7 Cal /k*/ur/°c. 
This value is in agreement with a theoretical coefficient based on emissivities — 
of wall and skin of 1 and a radiation area equal to 93% of the surface area. 


ge The coefficients of radiation found for clothed subjects were 
much lower than would be predicted from reasonable assumptions as to emissivity 
of the clothing surface. No explanation of this discrepancy is offered. 


he. Movement of the arms and legs while walking results in an imrease 
in the apparent wind velocity. ‘This amounts to approximately 150 ft/ min. over 
'. the tunnel air flow, 


4. RECOLME aie sai 


None. 


Submitted by: 


Norton A. Nelson, Major, SnC je Vegae in 
Ludwig W. Zichna, Major, H.C. 
Steven NM. Horvath,kajor, SnC 
Walter B. Shelley, Capt.,N.C. 


urraoral Ou of. [bburn ,¢— 
onn L. Milburn, dr., 


Colonel, Medical Corps, 
Commanding. 
4 Incls. 
#1 - Appendix 
#2 - Tables 1 thru 5 
#3 - Figures 1 thru 16 
#l, - Photographs 1 thru 8 
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APPENDIX a 


Studies of the physiological response of men to high environmental temper- 
atures require for their most general application a means of transfer of data 
secured under particular environmental conditions to other intermediate but 
untested conditions. This need would be fulfilled if there were available 
functional relationships capable of describing thermal stress to the man in 
terms of the various environmental factors. Such relationships for limited 
ranges of environmental conditions are available for convection (1 a,b,c,d) and 
for still more limited ranges in the case of evaporation (1 d,e). Evaluation 
of thermal exchange by low temperature radiation appears to be well founded on 
both theoretical and experimental grounds (lf, 2a). The urgent need for such 
descriptive relationships has led to attempts to extrapolate the meager data 
now available to conditions out of the range of. the original experiments by means 
of generalizations used in the engineering field (3). 


The ideal procedure for establishing these relationships is by means of 
complete calorimetry. The technical difficulties and elaborate equipment in- 
‘volved in this approach become almost prohibitive when higher wind velocities 
and working subjects are studied. The simpler method of partial calorimetry 
has been used at the Fierce Laboratory with considerable success over normal 
temperature ranges (1). This approach is less satisfactory under the more 
severe environmental conditions that have been of major interest in the war 
time study of high temperatures. This results largely from the greater diffi- 
culty of reaching thermal equilibrium am the consequent higher rates of storage 
(subject to considerable error in estimation) at high tha-mal loads. However, — 
the potential usefulness and need of even roughly quantitative descriptions of 
convection and evaporation justifies their study by the available method of part- 
ial calorimetry. The results of such a study are presented in this report. 


The principle involved in the use of partial calorimetry to allocate thermal 
flow into its several components is contained in the statement that at equili- 
brium (no increase or decrease in heat content of the body) the rate of thermal 
flow outward across the envelope of reference is equal to the rate of thermal flow 
inward. Or, in the absence of equilibrium, that these two rates differ by the 
rate of change of the neat content of the body. This statement can be mathematic- 
ally expressed (neglecting conduction), as M +S +E4R4C «0 where the symbols 
represent respectively: M, the rate of metabolic heat production, always positive 
in sign; S, the rate of storage (or the rate of gain or loss in heat content of 
the body), positive in sign when the heat content decreases, negative when heat 
is removed from the body; and C, the rate of thermal exchange by convection, and 
R by radiation, both positive when delivering heat to the body and negative when 
removing it. Of these variables, M can be measured in terms of the rate of oxygen 
consumption. S can be estimated from the changes in skin temperature and rectal 
temperature, unfortunately, with uncertain reliability. Consequently it is de- 
sirable to design the experiment so thst S is minimal. E can be estimated from 
the evaporative weight loss ef the subject and the latent heat of vaporization. 
With M, S, and & available, C + R can be calculated by difference. The separation 
of C from R can be accomplished mathematically by taking advantage of the fact 
that R is independent of wind velocity, or alternatively, R can be calculated from 
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skin and wall: temperatures by accepted principles and subtracted from C + R. 


Utilizing this approach three subjects were studied while standing nude, 
standing clothed, and walking clothed at 5 wind velocities in each of 7 en- 
vironment al conditions, repre senting 3 moisture contents at 5 air temperatures © 
(Table 1). It has been possible to make a fairly complete analysis of the 
standing nude experiments. The data from the clothed experiments are less satis- 
factory for reasons discussed mre fully belm. 


EXPERIMENTAL 
Test Conditions and Procedures: 


Four healthy young men were the subjects of the experiment; their physical 
characteristics are given in Table 2. After preliminary training in the cool, 
they were trained agd acclimatized to heat by working for 4 hours per day as fol 
lows: 4 gays at 120 F. ees B. - 78°F, Wi. Be, then 2 days,at 120° - 86°, 2 days at 
W° - 91°, 1 day at 96° - 92°, and finally 1 day at 120 - e8. Dur ing this period 
clothing as described bidiow was worn, am activity and environment were at least 
as severe as during the actual test days. Acclimatization, for these studies, has 
the advantages that it minimizes changes in ait and permits one to deal with 
well adjusted subjects. 


At the start of the test program three of the subjects were used while the 
fourth was held in reserve, remaining in the hot room as a helper am receiving 
the same exposure as the 3 mn in the test program. On the eleventh day of the 
experiment the man in reserve replaced one of the original subjects who was re- 
moved as a result of an upper respiratory infection. With this exception, all 
subjects were in good condition throughout the study. The subjects spent 73 
hours in the hot room each test day, but slept in barracks maintained at normal 
. temperatures. Test data were collected on only 5idays in each week. Sunday was 

spent out of the hot rbom and Monday was devoted to 4 hour marches. : 


A regular sequence of environmental changes was followed, one wind velocity 
being covered each day (Table 1). After a test day in Environment 4, the suc- 
ceeding experimental day was "Base Day". The calculated coefficients of convection, 
radiation and evaporation for all "Base Days" agreed well with each other. The re- 
petition of this same test day at periodic intervals indicated that the physiologic- 
al response of the subject to the same set of conditions remained reasonably con- 
stant throughout the study. Working metabolism fell by 10% over & weeks; rectal 
temperatures and heart rates showed little consistent change. 


The tests were carried out in the hot roam in a sheet) metal wind tunnel 53 
ft. wide, 7} ft. high ani 2 ft. long (Photos 1 to &). Six 24 inch fans at the 
discharge end of the tunnel produce air flow, the velocity of wiich is changed 
by adjusting either the fan speed or the louvre adjustment (louvres are located 
just upstream from the fans) or beth. The entering end of the tunnel is packed 
over the entire section with 30 inch lengths of € inch galvanized pipe Jying in 
the axis of the tunnel. This serves both as an air straightener and to protect 
the inside of the tunnel from air disturbances in the hot room proper. Air move- 
ment was virtually uniform across the cross-section of the tunnel to within 6 
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inches of the walls. A treadmill on which the subject stood or walked consti- 
tuted the central portion of the tunnel floor. The inside surface of the tunnel 
was painted flat black. Dry and wet bulb temperatures inside the tunnel were 
maintained at the designed conditions plus or minus 1°F, and were uniform later- 
ally. Vertically there were, in the hotter situations, gradients of no more 
than 3°F. between head and floor levels. 


On the test days three separate experiments were performed on each of the 
three subjects in the same sequence. These consisted of the walking clothed ex- 
periments in the moming, and the standing nude and standing clothed in tle after- 
noon. The subject always faced into the air flow and was accompanied in the tun- 
nel by one observer who remained behind the subject at all times. 


The walking tests were performed on the treadmill at 3 mph and a 3% grade, 
This led to metabolic rates of approximately 160 Cal/M“/Hr. The standing met- 
abolic rates were in the range 40-60 C /r. 


In each type of experiment the test period was 30 minutes long and was pre- 
ceded by an equilibrating period designed to reduce storage during the test period. 
Before the walking experiments this equilibration period consisted of a 60 minute 
.walk on the hot room track, (2.7 mph carrying a 20 lb. pack) followed by a 10 min- 
ute walk on the treadmill at the test wind velocity. Before the standing exper- 
iments it consisted of a 10 minute stand outside the tunnel either clothed or nude. 


During the clothed tests the subjects wore well laundered two piece herring- 
bone twill (HBT) fatigue uniforms, light wool socks, underwear shorts ani field 
shoes. To avoid sweat loss by drippage the jacket was tucked into the trousers, 
the trouser legs were tucked into the sock tops, am the ends of the jacket cuffs 
were tucked into 4 inch wristlets made of sock tops. In the nude experiments the 
subjects stood on wooden clogs in a shallow tray containing mineral oil which col- 
lected the dripping sweat. In the clothed experiments a full dry suit was donned 
immediately at the start of the test period just after the equilibration period, 
Water salted to 0.1% was given in amounts approximating sweat loss just before each 
test period and, in the walking experiments, at the end of the first 15 minutes of 
the test period. 


Data Collected: 


The environmental conditions inside the wind tunnel were determined during 
each test period as follows: (a) wet and dry bulb temperature, 6 ft. and 1 ft. 
above floor level, three times per test period, by calibrated motor driven psy- 
chrometers; (b) wall temperature, by radiometer at the beginning am end of both 
the morning and afternoon tests; (c) velocity of air flow, at a point waist high, 
4 ft. infront of the subject, twice each period by a Velometer, and 3 times each 
period by hot wire anemometer. 


The following data were obtained on each of the subjects: (a) rectal temper- 
ature, by calibrated clinical thermometers at the start and end of each test period; 
b) skin tenperature, at the start, mid-point and end of each test period by radi- 
ometer on exposed skin surfaces and by thermocouples (under clothing); (c) cloth- 

ing temperaturg by radiometer at the same times; (d)_ oxygen consumption, in the 
walking tests for the first am last 10 minutes of each period by an open circuit 
system, and in the standing tests for the entire 30 minutes by a closed circuit 
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system; (e) he rate, 3 times each period by palpation of the carotid or radial 
arteries; (f) evaporated sweat loss, determined by the differences in weight at 
the start ami end of a test period of the subject plus his accessories, which con- 
“sisted of clothing in the walking experiments; clothing ani towel in standing 
clothed experiments; and towel and drip pan in nude experiments; (g) total sweat 
ea from the evaporated sweat loss plus the increase in weight of the accessor- 
8 above mentioned. Wyse"? 


Treatment of Data: 


Weighted skin and surface temperatures were calculated for each of the 3 
sets of reading in each: period according to the weighting factors shown in Table 
3. These factors in general are based on the surface area measuresents of Hardy 
and Dubois (2b). The necessary readjustments required by the small number of 
zones measured were made by grouping unmeasured gones with those measured gones 
which in previous studies had been observed to have similar temperatures. Con- 
sidering the significance to be attached to the weighted surface temperatures, 
this is admittedly a dangerous expedient. It receives som justification, however, 
in that at the high temperatures here cbserved, the maximum range of variation of 
skin temperature from zone to zone is small. The emissivity of both skin and cloth- 
ing was taken as unity. The initial and final weighted skin temperatures were used 
in the calculation of storage and the average of the 3 values per period was used 
in calculation of vapor pressure and temperature gradients. 


‘The 6 readings of dry bulb temperatures in each period were averaged to give 
the final value used. The final wet bulb temperature was similarly obtained. Vapor 
pressure was calculated from these averaged dry (T,) amd wet bulb temperatures(T,.4) 
by the formula: : | 

} P20 = Fuzo Twet ~ +265 (Ta- Tyee) 


This expression was based on calibration of the psychrometers used in this study 
against dew point measurements. 


The wall temperature here used was the average of the 2 measurements of the \ 
6 surfaces made each hot day. Wall temperatures so calculated deviated only slight- 
‘ly from air temperatures. cE 


Air velocity was calculated as the average of the 5 measurements made per 
period, 7 

The ¢aloric equivalent of the oxygen consumption was caleuleted in the usual 
way; the actual R, Q. was used to determine the caloric eqiivalentin the open cir- 
cuit runs, while the value 4.83 Calories was used in the staming exparimnts. 


The actual interval between initial and final weights of the subject were 
used in calculating evaporation and sweat rates. This interval was longer than 
the tunnel exposure by about 2 minutes. 


Sweat loss, total and evaporated, was calculated from weight differences _ 
and water intake, corrections being mde for weight loss due to excess weight of 
CO, excreted over 0. respired and for loss of water from the lungs. The excess 
CO> was determined . the formla, (CO,-0,) grams/hour = 116 x 0 2(L/itin) (RQ-0.727). 
In the standing experiments the R. Q. Wastaken as 0.825. 
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Surface Area of Clothed Men: 


The problem of the clothed surface area is a difficult one involving net 
only the actual area but also the effective area as determined by the folds. From 
measurements of exposed clothing areas carried out on 9 men representing different 
body builds the ratio of clothed man surface area to nwie surface area was cal- 
culated, The results are shown in Table 4 These are maximum values sine they 
are made on stretched clothing; it seems nct unreasonable that the effective ratio 
would ordinarily fall in the range 1.20 to 1.35. This series did not include the 
subjects used in the calorimetry studies. Because of this variation from man to 
man, and even from time to time, depending on how the folds happen to fall, the co- 
efficients for the clothed men have been calculated on the basis of the nude sur- 
face area. This gives the most predictable area and permits future correction 
should an acceptable factor be found. Thus, the coefficients for clothed men here 
calculated should be higher than those from the nude men by the ratio of th two 
surface areas (1.20 - 1.35 to 1). 


Caloulation of Thermal Exchange: 


C +R was calculated from the basic heat equation, 
(C #R)' = - (-8') -M-S+W, 


Where the terms have the following significance and origin: 


E' - Total heat puhenee by evaporation Cal /u* /Hr. 
(kg sweat loss/Hr/li*-CO2 excess /Hr) 5756 


Heat exchange by evaporation in the respiratory tract, Cal /i /Hr.# 


= 
it a3 


a) 
' 


= Bt- He = Heat 5 rae by evaporation from the surface of the body, 
Cal/M 


Vapor pressure of water in air, on skin, clothing, m Hg. 


ae 5 e)= 
BAP = Coefficient of evaporation, cal /uw /Hr/mm He. 
was estimted by making the assumptions imicated below as to wapor pressure 
of Expired air and spirometer air. 
Walking (open circuit sys t 
H, = 0.0418 (P, - Py) VR, there 
P) = vapor pressure,VR = ventilation rate, liter/min. 


Stami closed circuit tem): 
= 0.0416 (F, =P, )VR, vihe re 


F ) 


. spirometer vapor pressure; taken as 90% saturated 


- 44.6 mm He, except for ambient temper ature s of 105°F. and — 
where 49.2 mm Hg. was taken. 


aoa VR, estimated from rate of oxygen consumption by a correlation between 
Incl. #1 the two used in this Laboratory - 
V7 bs io 
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(C #R)' - Total heat exchange by convection and ree cal fue pe 
~ defined by (C#R)'eSth ewe, 


2 
H, = Heat exchange by convection in the respiretory passage, Cal/M /Hr.* 


C +R = (C +R)! -H, = Heat exehange by convection and radiation from the 
surface of the body, Cal/M“/Hr. 


Tan, s,¢,r) = Temperature of air, wall, skin, clothing, rectum, “Co. 


C +R Combined coefficient of convection a radiation, Cal /u*/Rr/*c. 
CAT, R/AT = Coefficients of convection and radiation, Cal/M * nar/*C. 
M - Metabolic heat production, Cal /u“/Hr. 


W = Heat exchange by water intake, Calf /ur. = = kg water /Hir/i” x 5 Se ,) 


S = Storage, Cal/i@/tir. = (0.83) (kg) (0.67 AT. + 0.38ar5) 
re | (Time interval) ( Surface area 


Whe re 0.83 represents the average specific heat of the body, and 0.67 and 
0.33 are the fractional portions of the body taken as conforming in average 
temperatures to T, and f, respectively (2b). 


The general principle was followed of making legitimate corrections even 
though their order of magnitude was low in relation to the probable error of the 
msasurerents. Thus, the weight loss correction for excess COo was at mogt yng 
12 grams/M“/Hr. H, in the walking experiments ranged from about 5 C 
the humid rats at to about 15 mia grt gn in the dry environments. In hes 
standing expe ig AL was independent of ambient vapo gy gg ly and ranged from 
-“lto $4 “Cel was ordinarily less than 1 Cal/M“/Hr. in the standi 
periments at 120 , “saelaghing in the walking experiments to about 2.5 Calf /ir. 


Reliability: ° 


Granting the validity of determination of the thermal quantities B, M and 3, 
the question arises whether the E experimentally measured is equivalent to the & 
required by the basic heat equation. 


Consider first the case of evaporation from wet skin in the nude man illus- 
trated in Fig. 9, A. In this situation, the rate of excess flow of heat to Ty from 
the environment will be equal to Ka(Tg-Tr), where K, represents the combined coef- 
ficients of C ami R. Sime the only other source of heat to the surface Tr is M, 
(taking S = 0) and since for a steady condition of heat flow, the rate of access of 
heat to the surface must equal the rate of heat dissipation, the following condition 
is fulfilled, Ka (Ta-Tp) + Xt + (-E) = 0. Since K,(Tg-Tp) = C ¢ R, the basic equation 


iene ia tt La a Ta Oa ee 
% H, was estimated from the ventilation rate and an assumd temperature of — 
gir” thus: 


Texp = Tt Ts and 
VR as deffned under He 
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is satisfied with respect to the. surface Tp. Since radiometric measurement of ie 
WS VARPSYAUUFS OY WET SKIN ACTUALLY WeEsIVeS the water film temperature, the mee 


Significant vemperature for the surface of reference is actually obtained. Sere 


Wie 


Three possible paths of evaporation from clothed men are illustrated (Fig. 
9,8,C,D). Equations of heat flow for these situations are developed in an analo- 
gous manner. For convenience, they are arranged as equations of temperature dif- 
ference (See Burton (6)). It can be seen that equations 3 B,C and D all mve the 
same form I,(W-2) = Te- Ta., Since this is equivalent to K, (T,-T,) =M- EE, the 
required condition is fulfilled for these 3 conditions of evaporation from the 
clothed man, when Tg is taken as the temperature of reference for C + k.* In case 
a water film of appreciable thickness is present on the clothing the correct sur- _ 
face temperature is no longer Te but the temperature of the water film; thisis 
the temperature actually measured. 


The limiting factor in the reliability of the thermal differeme 
C4#K = - (-#)-M-S 
is the estimation of S; K amd © can both be estimated with considerably greater 
precision. In the calculation of E, use of the same value for the latent heat 


of vaporization for all skin temperatures and disregard of the energy involved 
in vapor expansion or change in temperature are approximations which appear to be 


* This conclusion is not invalidated by the fact the amount of evaporation re- 
quired for steady state conditions varies with the path of evaporation and with 
the insulation of the various layers through which the heat must flow. The dif- 
ference in evaporation can be thought of as producing different temperatures of 
the outermost surfaces. Thus, in the case of evaporation from wet unclothed skin 
(Fig.(9,4) the equations of heat flow through the water film and from the water 
surface io the environment are: 


T', - Te = Ight ( Skin to water film ) 
Te mide - I, (hi-d) ( Water to air ) 
which upon adding gives 
Meee eT oe Eee Ae) ( Skin to air ) 


1 
The se equations show, first, that T, is lower than the true skin temperature T, by Tpit 
and second, that because of this lower temperature and the resulting increase in the | 
rate of C ¢ Rtransfer, the necessary & for equilibrium is higher than the &% for an 
infinitely thin water film (Ir = 0) by the factor I, + Ip. The extra evaporation can 
be thought of as producing the lower Tre a 


A similar analysis of evaporation from clothed men (Fig.9) indicates that 
equivalence of equations 3B, C and D obtains even though & varies with tle path of 
evaporation, As indicated by the coefficients of # in these equations, i will be 
smallest when the evaporation occurs from the skin without subsequent condensation 
in the clothing (B,5), am largest when it occurs initially from the skin and con- 
denses and re-evaporates from the clothing (C,5). Initial evaporation from the 
clothing (D,5) requires an EB intermediate between these two situations. 
gd i 5 
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minor relative to other uncertainties. The same holds with the correction applied 
to M for external work in the walking experiment which disregards frictional losses, 


A reliable calculation of storage fran the data available and by the proced- 
ure here used aprears to be hopeless. There is every reason to believe that the in- 
ternal heat distribution varied during the test period, making untenable the use of 
any fixed distribution ratio for calculation of storage. Moreover, the assumption 
that weighted skin and rectal temperatures are representative of any predictable 
mass of tissue remains questionable. With these uncertainties success in partial , 
calorimetry depends largely on the degree towhich negligible changes in storage are 
incurred, Because of these intrinsic sources of error, and those incurred in the  — 
temperature masurerents used for calculation of the coefficients, useful study of |. 
the C # R exchange has been restricted to the two 120°F, environments. In these 
environments the large C + R exchange reduces the relative importance of these 
sources of error, 


The factors entering into estimates of coefficients of C +R incluie not only 
the themml difference, C +R, but the temperature differences T,-T( re)* iw 
factors enter into the reliability of the T,-T, or e)° These are: fa) ef accuracy 
ef ~ individual meesurement,and (b) the reliability of the weighting’ formula. 


The weighting procedure as applied to T, is reasonably reliable inasmuch as 
variations in temperature of individual areas fre small. In the clothed man tie 
weighting procedure is less reliable as a result of greater temperature differences 
between individual areas because of uneven wetting ami the presence of folds in the 
clothing. Moreover, while the emiggivity of skin may be taken as unity without 
error, a similar assumption in the case of clothing is not valid. The effect of a 
low clothing emissivity on the measurement of T,. waild be to under estimte T,-Te,/ 
both where the clothing temperature is above ambient (Te a8 calculated would be too’ 
low) ani where clothing temperature is below ambient (T, as calculated would then | 
be too high). If radiation exchange only were involved, the temperature error would 
be self-compensating inasmuch as the error could be considered as an apparent re- 
duction in either emissivity or radiation area. However, a real error is incurred 
with convection exchange sime this must be related to the true temperature. The 
assumed emissivity of 1 here used is probably not greatly in error. Crude masure- 
ments in this Laboratory gave a value between 0.85 and 0.9 forthe emissivity of dry 
HBT. Aldrich, quoted by Wulsin (7), gives the value 0.61 as the emissivity of HB? 
at low temeratures (60°F). These values suggest a possible error in T,- 7, of 10% 
to 20% and a corresponding error in 


Lo | 
° A ° 
In the 120 F, environment, the measured T would be high by 1 to 2C, Sime Water 


has a high emissivity at these temperatures, and since the clothing was at least 
partially wet in all the experiments, the error may be even smaller. 


& Nude Subjects 
‘Evaporation: 
‘Under normal circumstames, the sweat regulating mechanism adjusts 


sweat output to a rate adequate to maintain thermal equilibrium. As the thermal 
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stress increases, whether external or internal (metabolic), the sweating rate pro- 
gressively increases until heat dissipation by evaporation compensates for the heat 
gain of the body. With increasing sweat rates or with decreasing evaporative cap- 
acity of the atmosphere (high vapor pressure, low wind velocity) the sweat output 
eventually becomes high enough to completely wet the surface of the subject. iihen 
that condition is reached the rate of evaporation becomes a function of two factors, 
wind velocity and the difference in vapor pressure between the water on the skin 

and in the atmosphere. However, when the wetting of the surface is not complete 
then the rate of sweat output, hence sweat evaporation, is determined by the imposed 
thermal stress, and the rate of evaporation, per se, is independent of environmental 
factors. Consequently, if one is to evaluate the influence of wind velocity and 
vapor pressure difference on rate of evaporation, it is necessary to confine study 
to those conditions where the rate of evaporation is limited by the capacity of the 
atmosphere to take up moisture, i.e., to the completely wetted condition. 


The failure of wind velocity to influence the rate of evaporation at low 
sweating rates is shown in Fig. 1 in which the evaporation coefficient is plotted 
against wind velocity for the 7 environments studied. In the first two environments, 
the rate of evaporation is independent of wind velocity. The rate of evaporation . 
begins to increase with wind velocity, with increases in dry bulb temperature alone 
(increased sweat rate) as in environments 3 and 4, or with decrease in the evapora- 
tive capacity of the atmosphere (increase in ambient vapor pressure) environment 5. 
Finally, with still greater reduction in the evaporative capacity of the atmosphere, 
as in environments 6 and 7, the rate of evaporation increases decisively with in- 
creasing wind velocity and appears to reach a limiting value. 


By limiting consideration to those experiments where a high degree of wet- 
ting is present, data useful for characterizing the influence of wind velocity on 
evaporation can be obtained. An objective basis for selection is to include only 
those experiments vhere evaporation was less than 90% of the total sweat output,i.e., 
10% or more of the sweat dripped from the man or remained on tle skin. Data so 
selected are plotted in Fig. 2. These coefficients show reasonably good grouping 
and suggest an exponential relationship between the coefficient of evaporation and 
wind velocity. A Linen tated to the data by the method of least squares yields the 
equation: S/AP = 1.44V °-'. The exponential relationship has precedent in the fird- 
ings of Powell (4) on the rate of evaporation from cylinders, and has been suggested 
also on theoretical grounds (5). Studies of the influence of wind velocity on evap-— 
oration from completely wetted cylinders by Fowell (4) and Four t (quoted in (3)) have 
indicated that the coefficient varies approximately “6 . In contrast, our re- 
sults suggest that the coefficient is a function of V°*". The reasons for the dif- 
ference are not clear. Two possibilities are suggested: one, that in our experi- 
ments comple te wetting of the skin was not maintained at the higher wind velocities; 
two, that the human body, though consisting to a certain extent of a series of 
cylinders, may still differ sufficiently in its geometrical configuration to account 
for the difference. 


In Fig. 3, the coefficients obtained in this study are compared with those 
fran the two studies on cylinders mentioned above and with an extrapolation used 
by the Pierce Laboratory (ld). The extensive deviation of our results from those 
derived from the Pierce Laboratory equation is not surprising. Their equation is 
an extrapolation by a questionable procedure and is based on a still air evapor- 
ation coefficient. However, the differences between our results on man and those 
of Powell amd Fourt on cylinders will reguire further study am eventual explanation. 
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Convection and Radiation: Fig. 10 shows the coefficients for C + R calculated 
rom the nude experiments in environments 4 ami 6. The points are moderately 
well grouped am fall around a smooth curve. Since a certain amount of leeway 
is possible in fitting a curve to these points, a number of curves considered 
_ equally probable were drawn and analysed. If the assumptions are made that the 
convection coefficient is related to an exponential function of V and that the 
radiation coefficient is independent of V, the following equation is suggested: 


C#R@ (a + dV’) ai 
At 


where a corresponds to the radiation coefficient. Differentation of this 
expression suggests that plotting of log AAV against log V, shold give a 
straight line having a slope equal to (c-1)"and an intercept equal to log be. 
Establishment of b and ¢ pamit calculation of a. Values of a can be calculated 
for each pair of C +R and V values, and the results so obtained can be averaged. 
Alternatively € # R can be plotted against the appropriate function of V, and a 
line fitted by the method of least ‘squares. 8 procedure, which fixes both a - 
and b is illustrated ip Fig. 1lA for F (V) = V’°’. Treatment of the several 
curves in this way leads to a series of equations whose limiting values are ex- 
pressed in the two equations: 


0 +R m 6.85 $ 0.23 Vr? 
%%, 8 


. and 0.5 ; 
C ae = 5.65 +0.53 V° 
A 


The equation describing convection as function of vw" “4 is tentatively 


favored for several reasons. he vV relationship leads to a more acceptable “Be 
for R/AT, The theoretical value of the coefficient, 9 a en wo &s92 x 10 ~E( ) 


is 6.07 at the approximate temperatures of these expe ingnts (37°C and 48°C). 

The value of 6.85 is thus too high even if the effective radiation a were equal 
to the man surface area. The coefficient of 5.65 associaed with yo: in relation 
to the theoretical value of 6.07 indicates a radiation area of 934; this is reason- 
ably close to the estimated value of 80%. In addition, the first equation above 
leads to lower values for C/AT, at very low wind velocities than does the second 
equation. Comparison with data available on CAT at “ wind velocities (1d) 
favors the higher convection coefficient given by the V~° relationship. 


Another approach to the separation of C from R is pessible by calculation 
of R by accepted principles and subtraction of these values ffom the total C +R. 
Values for C/AT so calculated are ‘+e F g- 12. The best line for these values 
is described by the equation C/AT }¢ 0.7 For comparison the lines corres-. 
portiing to the equations presented above are drawn on Fig. 12. 


Measurements of convective exchange with cylinders have been satisfactorily 
correlated with air movement by means of dimensionless ratios over a wide rarge * 
of air temperatures, cylinder sizes and wind velocities (5). These correlations 
favor the exponent of 0.6 for V for the range of wind velocities here studied. 

Howevere until available data permit a mow definite choice than is now possible, 
* the relationship seems more satisfactory. It is perhaps surprising that 
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the indirect ami inexact procedure here employed leads to such reasonable agree- 
ment with the theoretical values for R/AT, and with the empiric results obtained 
on cylinders for C/AT. 


The dimensionless ratio procedure described above has been used to extra- 
polate the Fierce Laboratory data to higher wind velocities (3). lines are draw 
in Fig. 13 to represent the original Pierce Laboratory expression, the revised 
form as extrapolated, and the two expressions suggested by the present study. The 
deviation of the Fierce Laboratory data from ours probably derive from the differ- 
ent experimental conditions employed. Their air movement was turbulent, being 
secured by several fans in a small booth; in our studies the flow was linear. 


The expressions suggested here for thermal exchanges are presented only as 
a convenience in correlating the data, and for use in interpolation. It would be 
foolhardy to use the se. equations to extrapolate beyond the conditions from which 
they were derived. Moreover, their application to conditions where air flow is 
not linear may not be valid. 


Clothed Subjects | 
Evaporation: 


Evaporation from clothed subjects may proceed according to several different 
paths. In certain situations, it is probable that at different points on the body 
several patterns of evaporation are occuring simultaneously. Three possible paths 
are illustrated in Fig. 9, B, C, and D. In an attempt to define a coefficient of 
evaporation, it is necessary to consider on what factors the coefficient depends. 
Whehever evaporation occurs from the surface of completely wet clothing, as in C 
or db, Fig. 9, the controlling variables are the sam as those operative in the nude 
exper iments, namely, vapor pressure difference, surface to air, and wind velocity. 
The situation changes, however, when as in B, Fig. re evaporation occurs from the 
skin and the water passes through the clothing as vapor. In this case, the signi- 
ficant vapor pressure difference is that from skin to air, not clothing to air. A 
new factor is introduced, the diffusion resistance offered to the vapor by the cloth- 
ing barrier. And though "wind velocity is still an influencing factor, its contrib- 
ution is considerably reduced by the interposed diffusion resistance. 


Though there is little reason to anticipate that the rate of evaporation 
from completely wetted clothing would differ significantly from the rate of evapor- 
ation from skin, several factors in the present data prevent the demonstration of 
this ivirobability. After the initial warm-up period, the subject. dommd a fresh dry 
uniform and then entered the wind tunnel for the 30 minute exposure period. Con- 
sequently, even in the case of the highest sweating rates, the clothing was dry 
during a portion of the test period. Therefore, in none of the clothed experiments 
was evaporation confined exclusively to the clothing surface; a portion of the evan? 
ation must have occurred from the skin through the clothing. | 


; The increased difficulties in the assignment of a mean temperature to the 
surface of a clothed, aS compared to a nude man have been described; these un- 
certainties influence the reliability of P, since P, is based on T, (hence a 
and thd evaporation coefficient, S/AP). 


: st: Bad 
Incl. f1 . ee 


Rae -eiepe ce dan ie 
8 Bs 

1h 

r 


Arte 
ree eee Lal 


ee a : 
Se Mes, 


yee geezer 
ai nda Saw t sg 


i ee . i 
) po Le biegaur 6 -onyeyuey hie. Ce Peporsee 


qrmeue Ten 7 ELOg ie 


at 


An evaluation of the effective wind velocity on a man walking in a moving 


‘ ‘ air stream will be ,jresented later. The data now to be oina) deres have been 


| gael against the tunnel wind velocity. 


 Pigures 4 and 6 Indicate the effect of wind velocity on the coefficient 
of evaporation for standing clothed and walking clothed men in the 7 test environ- 
ments, As in the case of the nude subjects, the rate of evaporation at low sweat 
rates (less severe environmnts) is virtually independent of wind velocity, but 
becomes progressively more dependent on wind velocity as the @vironmental severity 
increases. In the nude experiments it was found that by restricting the data to 
those situations where less than 90% of the sweat was evaporated, maximal coeffi- 
clents were approached. With the clothed subjects (Figs. 4 ard bs even with a 
still more generous allowance for wetting (evaporation leds than 20%, 204 or more 
unevap crated), a progressive increase in the coefficient continues to occur as the 
sweating rate increases and evaporative capacity of the environment decreases. 
This suggests that the allowance for wetting of the clothing is still inadequate. 
To test this possibility, the data were further separated inte groups according to 
total sweat output ( Figs. 5 and 7). This analysis shows progressive increase in 
the coefficient of evaporation with higher sweat rates, but there is little to 
suggest that maximal rates are being approached, except perhaps for group 4, Fig. 
7, which includes the highest mens rates encountered. 


In a further analysis of group 4, the wind velocity was corrected for the 

increased motion of the arms and legs by adding 150 feet/minute (the basis for 

this value is presented in the next section) to all wind velocities, and the co- 
efficients were corrected to a clothed strface area, using a factor of 1.3. These 
corrections permit comparison of the coefficients for clothed men directly with the 
coefficients determined on nude subjects (Fig. 8). Since most of the points fall 
below the values for the mide subjects, incomplete wetting of the clbthed surface 
occurred in even the most favorable situation. It is clear then that inne of the 
clothed experiments have maxima] surface coefficients of evaporation been reached, 


It is probable that the 20% allowance of unevaporated sweat is more than 
adequate to ensure complete wetting of skin. Hence, it seems likely that the 
measured rates of evaporation under such condition can be considered as maximal 
coefficients, not for completely wetted clothing, but for partially wetted clothing 
where the evaporation occurs to varying degrees through several paths: (a) from 
wet skin through the dry clothing (b) from the surface of wet clothing. 


The situation is obviously a complex one and is not susceptible to simple 
analysis, or presentation in a form likely to be generally useful. The present- 
ation given in Figs. 5 and 7 may be useful for some purposes. It should be noted, 
however, that the coefficients are calculated on the gradient from the clothing 
@urface to air. This is, of course, not the significant gradient fa evaporation 
from the skin through dry clothing. Data are available on the influence of fabric 
porosity on the evaporation coefficient (Fourt (3)). However, they are of little 
help in the absence of a basis for determining the proportion of evaporation that 
occurs from the skin through clothing. Lacking such information, the most useful . 
purpose of the present data is to give gross coefficients of evaporation for a 
range of rates of sweat production. 
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Convection and Radiation: 


The effective wind velocity increase resulting from the arm am leg motion 
of walking has been estimated by direct comparison of thé coefficients of evapor- 
ation and convection of standing and chore men (Fig. 14). The chart shows C +R 
for the 120°F. environments (4 and 6) and B/AP for those experiments where thé AT, 
total sweat output was between 1400 and 2100 gms/hour. The abscissal differences 
between the curves drawn through the points are given in Table 5 and suggest that 
the effective wind velocity for a walking man is increased by 80 to 20 ft/min. 
above the masured air velocity in the tunnel. The intermediate value of 150 ft/min 
is used below (also Fig. 8) to correct the measured wind velocity in the walking ex- 
periments. Where this is done the symbol V' is used,where V' = V + 150, 


. The procedure tiie for. separating C from R in the clothed experiments is 
based on the assumption that C/AT is functionally related to wind velocity int 
same way in the clothed tests as in the nude ones. fo this end, the calculated’ 
values of (a - e) are plotted against / V in Fig. 11 (B) and (C). Lines 
fitted to the points by the method of least squares give the equations: 


Standing clothed, C +R = 2.66 + 0.65 / V 
AT 
Walking clothed, C +R - 3.43 + 0.66 / V! 


Consider first the coefficients of R. Sime the walking man has a larger 
effective radiation area than the standing man, the values 2.66 and 3.43 qualita- 
tively bear the correct relationship to each other. Quantitatively their ratio of 
0.79 is somewhat lower than would have been expected on the basis of estimated radi- 
ation area of 80% and 90% for the two conditions. 


The absolute values of these radiation coefficients are much lower than anti- 
cipated; and no reasonable explanation has been found for the discrepancy. Due to 
the larger surface area of the clothed subject, it would be anticipated that for the 
clothed man R/AT would be in the neighborhood of 20% to 30% higher than the nude 
coefficient unless the clothing emissivity is low; this possibility appears to be 
ruled out by the data available on the emissivity of HBT. 


The convection coefficients, C/AT - 0.65 / V and 0.66 /V' are in good agree- 
ment. Their ratios to the corresponding value (0.53) for the nule subjects is 1.23 
and 1.24 which is perfectly compatible with the anticipated increase in surface area 
of the clothed men. 


However, one cannot escape the fact that the total is lower than can 


‘be’ explained. The question may therefore be raised as to w er the satisfactory 


values found for C/AT may not be fortuitous, ami that the net deficit of C #R 
should be distributed between both the convection and radiation coefficients. Since 
the possible error in néasuremnt of Five T_ from assuming too high a value for cloth- 
ing emmissivity tends to underestimate T,-T,, would be still lower if the cor- - 
rect T.- T, were used. Thus, though as calculated is low, the full extent of 
this deficit may heave been concealed by dividing by a -too mall AT. 
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~~ From a practical standpoint, convection or radiation to clothed men is mst 
satisfactorily defined in terms of the effective insulation of the Clothing. How- 
ever, the earlier statemsnt that all other factors being constant, E can vary ac- 
cordingly to the path of evaporation independently of clothing insulation, in- a 
dicates that difficulty may be expected in an attempt to measure clothing insulation 
with ye data available. This is further shown by equations (8) B, C and D, Fig. 9, — 
where ~S" € is related to the various insulation coefficients and to Mand E. In 


- 


the simplest situation, (2) B, the clothing insulation I,+ I; » i8 equal to I ae S__¢ 
and in this case I,¢ I,can be calculated., Whany however, evaporation de- as Tak! 
viates from this route’as in C and D, I, -s "@ is no longer a simple function of — 
the clothing insulation. gh. PG, 2 Pie: 


Recognizing this, but in an effort to cast some light on the effect of cloth- 


ing wetness on its insulation, I, T_- Ts ( or 7s Tg~ Te ) has been plotted against 
See - a Tem Tag 
Sweat unevaporated in Fig. 15. The°resfilt, as would be anticipated, suggests that 


with increasing wetness of clothing its conductance increases. 


Two factors suggest that the apparent insulation as plotted in Fig. 15 my 
be reasonably valid: First, in condition C the value plotted, 1 Ts- Te should 


differ only slightly from the true clothing insulation, 1,4 I, #ies the coeffi- 
cient of E in the denominator of equation C (6) can be expected to be wery close 
to one. Second, condition D, Fig. 9, requires that T, be lower than qacy In the 
condition here treated where T, is higher than T,, a negative ratio, (87 e | would 


result if condition D dominated. The absence of negative values in “*@7 *& 
Fig. 15 suggests that evaporation according to path D is relatively mina. 


DISCUSSION 


The results of the analysis of the experiments with nude subjects appear 
fruitful. The coefficients of the three exchange paths studied, convection, radi- 
ation, and evaporation, are all consistent with expectations and with the limited 
data available for comparison. The data for evaporation has no counterpart; the 
only reasonable comparison is with the data of Powell and Fourt (4,3). The dif- 
ferences revealed by this comparison are perhaps not larger than would be antici- 
pated, taking into account the scatter’of our results ami the inherent difference 
in the type of experiment. Further study is desirable on many grounds, but es- 
pecially needed is an answer to the possible criticism that incomplete wetting was 
obtained in our experiments at the higher wind velocities. 


The independent estimation of the radiation coefficients yeilds a satisfy- 
ing confirmation of earlier work. As more information accumulates over extended 
ranges of conditions, the adequacy of the theoretical description of radiation ex- - 


‘change as applied to nude men becomes more apparent. ' 


As with radiation, the descriptions here offered for convection fall largely 
into the category of-extension of available information to different conditions @ 
air flow and to more severe environmental conditions. It seems probable that the 
most useful information on convection exchange at high wind velocities will srise 
from study of linear air flow; this is much more frequent in occurence at high wind 
velocities than is turbulent flow. : 
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For practical use, the following rounded values are suggested for the co- 
efficients derived from the nude experiments: 


Evaporation - E/AP - 1.4V Or4 


0.5 
Convection - C/AT - 0.5V 


Radiation + Convection (120°F. )¢ man R - 5.740. 5yo*? 


In these equations thermal exchange has the units, sity Her /° C or mmiig, and 
velocity is expressed as feet/minute. 


Lines drawn from these equations are shown in Fig. 16. Note that the exponent 
of V is higher in the equation for C/AT than for E/AF, therefore, increasing wind 
velocity increases thermal stress more rapidly than the sah possible by evapor- 
ation. 


The results from the experiments with the clothed subjects are perhaps most 
useful insofar as they point out the complexity of the problem am the difficulties 
likely to be encounteréd in applying the method of partial calorimetry. Most of the 
uncertainties of the present analysis wold be eliminated if a complete heat balance 
were available. The evaporation coefficients require complete restudy under con- 
ditions insuring better control and greater uniformity of wetting. This is a dif- 
ficult task, but a very practical ami important one. “ 


The data presented here on the gross coefficients of evaporation for clothed 
men are of very limited usefulness, but until better information is available, may 
serve to fix the order of magnitude of evaporation from partially wet clothing. 


With respect to the convection and radiation coefficients from the clothed 
men, two alternatives are offered, The easiest carse at the moment is to disregard 
the results on the basis of inadequate definition of the surface temperature, or 
measurement of storage, or both. On the other hand, if we are to accept the eminent- 
ly reasonable values found for C/AT with the clothed subjects we are forced into tie 
recessity of accepting what at present appears to be an unacceptable value for cloth- 
ing emissivity. 


SUMMARY 


1. Coefficients of thermal exchange for nude and clothed men, standing and 
walking, have been estimated by partial calorimetry in a series of 7 envigonments 
and at 5 wind velocities. Dry bulb temperatures ranged from 90°F. to 120 F; vapor 
pressures, 13 to 36 mmHg; wind velocities, 30 to 600 do dacaiastoae 


2. In nude aatiptg the maximum coefficient of evaporation can be described 
by the equation EAP = JV “4 


3. Sweating rates adequate to masure the maximum coefficients of surface 
evaporation in clothed men probably were not reached. Charts presenting the coef- 
ficients actually found are show. | 


4. Coefficients of convection for nude men can be described by the equation 


C/AT = 0.5 /V. 
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) 5. tstimates of the convection coefficient with clothed subjects ‘gave : 


values 23% and 24% higher than the coefficient found with nude subjects. This  _—> 


is consonant with estimates of the ratio cf the surface area of clothed to nude 
MEN e : 


| 6. The coefficient of radiation for nude subjects was 5.7 Cal/w/tr/*c. 
This value is in agreement with a theoretical coefficient based on emissivities _ 
of wall and skin of 1 and a radiation area equal to 93% of the surface area. 


7. The coefficients of radiation found for clothed subjects were much 
lower than would be predicted from reasonable assumptions as to emissivity of 
the clothing surface. No explanation of this discrepancy is offered, 


8. Movement of the arms and legs while walking resulted in an increase 


in the apparent wind velocity. This amounts to approximately 150 ft/min over 
the tunnel air flow. 
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TABLE 1. 
ENVIRONMENTAL CONDITIONS AND SEQUENCE STUDY 


- Environment No, and Oorresponding 
Wet Bulb Temperature, “F. 


Vapor Pressure 
mm He. 


36 


75 

150 
300 
600 


SEQUENCE OF ENVIRONMESTS 


The number refers to environment, 
letter to wind velocity 


Week® iM (Acc**) 
120-78 

96-91 
120-78 
120-78 
120-88 
120-88 
120-88 


* Star 9 October, 1944 
aa saat Untascttentinckioe, no data collection. 


69° Ba = Base Day; 120° - 68°, 300 Ft/min 
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TABLE 2 
PHYSICAL CHARACTERISTICS OF THE 


SUBJECTS 
Subject Complexion Age | Height |W 
Years 


eight 
Kg. 


*God replaced McG after 11 test days. 
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TABLE 3 


FACTORS USED POR CALCULATION OF WEIGHTED 
SKIN AND SURFACE TEMPBRATURES 


factors 


63 a 
Mit aseacs 
Ts Te (4 es a 
al ae ee eee ee 
ee eae ose [0.8 [o.aew |e. 


Hardy, Dubois 
Areas 


t - Obtained by thermoceuple; all other temperatures by radiometer, 
a ~ Feet and legs grouped with thigh. 
b = Back and chest grouped. 


co = Feet grouped with calf. 


d - Because of increased surface area of clothed man, head and hand 
factors decreased by 0,12 to a all other factors increased, 
‘ A) 
@ - Foot grouped with cheek, 
f - Legs grouped with thigh. 
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TABLE 4 
RELATION OF CLOTHED SURFACE AREA TO MAN SURPACE AREA 


Saas peer 
cae fm [tao 


*§ = Short 
I @ Intermediate 
2 = Tall 
H ® Heavy 
LS Light 


es = Surface area of head + hands + feet + clothing = 0.19 Nude Man §.A,. +: 
Clothing $.A. 
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TABLE 5 on 
APPARENT INCREASE IN WIND VELOCITY WITH WALKING 
Wind Velocity 
Feet /Minute 
Standing $$ /|Walking 
Clothed Clothed 


B/sP 1400 to 2100 gms/hr 
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FIG. 4 
EVAPORATION VS. WIND VELOCITY 


STANDING - NUDE 
LINE DRAWN ACCORDING TO EQUATION: E/OP =1.44 v 0-37 % 
a 
ENVIRONMENT | 0.B. 90° W.B. 69.5° (P=13 MM. HG.) ENVIRONMENT 4 0.B. i20° W.B. 78.0° (P=i3 MM. HG.) 
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STANDING - NUDE 


E/AP, EVAPORATION LESS THAN 90% 


—— 
E/OP = 1.44 y 9-37 


ae 


20 


120:-.78 
96 - 82.8 
120 - 88 


40 60 80 100 200 ~400 600 800 
WIND VELOCITY - FEET/MINUTE 


Leth Fae 
Pate ead 


aes cane e i eee: 
Se ee eT 


Pree 


* 
i 
i 
_ 


fokeedinae S28 
cosines contain 
y 
' b 
q 
sisi tie 


gener ages soa 
EN 53 
t 
3 
; 
ees cpr nnn eon eapanestre ot 
i 
Fa 
; 
, 


4 
w Fe 
Seong me aries 


AETOCILA 


at 


x. 
: 


Fees 
eo, 


‘aise 
i 
2 Liv 30x 


a4 
oF 


t 
; 
4 
' 
t 


Suite Ferran pm verre vn 
rae Seneca 


$3 
' 
LE arb se 2 bonnet 


bi 


; 


eer) 


5 ce der eam ie A ic 


BULIOW FE 


; 


~ 
eee 


a 


ee 


a aie 


! 


EAVLORVLIOU. Ae MIM 


Re eee 


a amo na behamne ten er = 


; nee aavivaiais Weenie reer 


ive 


E.Ve. Cur \WAHH WA HC 


‘ee > a aay ate ee 


COMPARISON 


ia, oe 


OF RELATIONSHIPS 


DESCRIBING EVAPORATION AS A FUNCTION OF 


WIND VELOCITY 
100 | 


FOURT(3), “”P=0.58V 
., POWELL (4), & 
| THIS REPORT ~AP=1.44 


aN 


oO) 
x 
= 
2 ae 
Bin 
a 
= 
ke 
N 
= 10 
ye an ae 
ee ee 
a 6 [7 
me ae 
Lu 

4 


ener Gee 


40 


AP=0.55V® (DRAWN FOR 14" CYL.) 


. PIERCE LAB (te), “aP=2.8(1 + 


60 80 100 


66 (8"cYL.) 


V3? (NUDE ‘MEN) 
V 


235 


) (NUDE MEN) 


77 


x 


KT N 
BN | 
i Aime we 
ieee ee ee ee 


200 .. 400 600800 1000 


WIND VELOCITY-FEET / MINUTE 


Incl. #3 


ATE 
beat 


BO 1OD 


i 


i. 
r 
t 
ers 
are 
atl 
a 
us 
yen 
= 
ee 
es 


i 


¢ 


. 


on MM 


fee ent ee daa 


et 
- Weack TYR SY Woe Sett My (unde WEN 
LHe siren Agy (WNDE WEY) | 
py bey % veh, LOR VA KOM iN 


— O28 Neg (Oo .CAr } 


as sae ap eee ee wep ee rey seeten nigra tty ares oes 
— en aggere Hemmant —_ 
sin ne 2 aerated ra af mee " 
5 


? 


se ee enanamrteaicee cont 


MAD ABPOCILA 
DEeCHIBING EAVLOKVLION VE Vv LAVCLIOW: OF 
COWbYHIZON Ob WET v.lOMeHIbe 


F/OP CAL. /M?/R/MM HG #/DP-GAL (M7 HR/MM HG 


t /AP-CAL /M®/HR/MM HG 


FIG:4 


STANDING - CLOTHED 


ENVIRONMENT | 0.B. 90° W.B. 69.5° (P=13 MM. NG.) 


E/OP-CAL./M®/HR/MM. HG. 


10 20 3c 60 :-« 80 100 200 400 600 800 !000 
WIND VELOCITY - FEET / MINUTE 


ENVIRONMENT 2 0.8. 96° W.B. 71.5° (P=13MM HG.) 


o-- 

; co} 
a 
= 
= 
< 
c 
af 
~ 
~ 
= 
7% 
3 
ee 
qa 
> 

t i i i i pe] 

“ie 2¢ sc. 60.800 20c 400 600 800 1000 — 
WIND VELOCITY - FEET/MINUTE 
ENVIRONMENT 3 0.8. 105° W.B. 74.0° (P=13 MM. HG ) 
g 
= 
= 
~ 
x 
Bs 
ay 
~ 
= 
~ 
a" 
s 
we 
a 
< 
~ 
w 


ro 2 45  6&C 60 100 oS 400 600 800 1000 
WIND VELOCITY -FEET/ MINUTE 


EVAPORATION VS. WIND VELOCITY 


ENVIRONMENT 6 0.8. 120° W.B. 88.0° (P= 25 MM. HG.) 


E/OP(a-e), EVAPORATION LESS THAN 80 % 
(CALCULATED FROM MAN SURFACE AREA ) 


WIND VELOC. TY -FEET /MINUTE 


w 


wed 


ENVIRONMENT 7 D.B. 96° W.B. 91.0°(P= 36 MM. HG.) 


S36 ‘ 

= i ! t | 

prin) : - | een eas 

es 

eat } i t 

ais > | See 

2 I > ei 

ei i 1-4 eh Cah Fang ey 

=..10 ' ror 

~ - ‘ i je! i Perle coat 

€ ; ee al ‘ ee a | Bak 
ee Se ERS Ce a: ae See 

cme ERE | aera OSs RET ee | 

aor 3 : : : 

Qa oO; ‘ ! 4 : ; i 

~ 4 0 + 

w : | ; eal Oe 
5 20 40° 60 80:00 290 400 606 800 1000 


WIND VELOCITY -FEET / MINUTE 


40. 60-80 i0G 


40 60 80.100 


IND VELOCITY -FEET / MINUTE 


40 660 8C ‘00 
WIND VELOC!T r - © 


ENVIRONMENT 4 D.B. 120° W.B. 78.0° (P=13 MM. HG.) 


Ee 


200 


200 400 60C 800 1000 


CY Awe G. 


i anti 
mnt 

7 oo 
a ee eT 


Se eet ps Haig We eo} 
(oxtonr wage GeO fre Gowpwce Wee} 
Phi G4) EArbeueOM Fees a BO 
2: Beowe Grouiid.. < 
Oa AAA NE 


FIG. S 
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Rear View of Interior of Tunnel 
Showing Fans, Teuwper:ture Measuring Devices and Part of Treadmill. 
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Interior of Tunnel 
View of Front End Showing Straighteners 
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View of Subject. Metabolism and Clothing Temeratures are 
Being Measured. 
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View of Subject Marching in Herringoone Twill Uniform. 
Observer is Determining Heart Kate. 
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weighing of Mineral Oil Foot Bath Used in Collecting 
Unevaporated Sweat in gxperiments on Stanuing Sub jects. 
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Control Room. Observers Measuring Skin and Clothing Temperatures 
of Subject in Hot Room ind Tunnel. 
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